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Abstract 
Diffusion MRI (dMRI) is widely used by 
clinicians and radiologists to diagnose neurological 
disorders, in particular stroke. The most commonly 
encountered diffusion technique in the clinic is 
simple diffusion weighted imaging and apparent 
diffusion coefficient (ADC) mapping. However, 
dMRI can tap into a wealth of data that is usually 
overlooked by clinicians.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
While most of this ‘additional’ information is 
primarily used in a research setting, it is beginning 
to permeate the clinic. 
Despite the widespread use of dMRI, 
clinicians who do not have radiological training 
may not feel comfortable with the basic principles 
that underlie this modality. This paper’s aim is to 
make the fundamentals of the technique accessible 
to doctors and allied health practitioners who have 
an interest in dMRI and who use it clinically. It 
progresses to discuss how these measures can be 
used. 
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Introduction 
Diffusion Magnetic Resonance Imaging 
(dMRI) is a well-established tool that is routinely 
used in clinical practice to identify an acute cerebral 
infarction and is increasingly used as an aid to 
tumour characterisation. Tractography (an extension 
of dMRI) has been used to identify the location of 
white matter tracts in pre-surgical planning. Other 
less widespread uses include the differentiation of 
intra-cranial cysts, the assessment of diffuse axonal 
injury and the assessment of demyelinating 
disorders.  
In light of the increasing interest in diffusion 
imaging within the clinical community, this paper 
explains the basic principles of diffusion MR in 
order to give the reader a better appreciation of why 
dMRI can be used in the above conditions. 
The review is split into three main sections. 
The first describes the physical process of diffusion, 
explains how it is measured using MRI, and 
describes the different measurements obtained from 
dMRI. The second describes how to use the 
obtained measurements to reconstruct the white 
matter tracts; tractography. The final section 
discusses different clinical applications of dMRI.  
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Basic principles 
 
Diffusion 
Water diffuses according to an apparently 
random, passive movement of molecules that 
collide and interact with one another. In a container 
(such as glass or vase) water molecules diffuse 
uniformly in all orientations (known as ‘isotropic’ 
diffusion) and without restriction. However, the 
brain is not structureless. In neural tissue the 
diffusion of tissue water is hindered by cell 
membranes and myelin sheaths.1 In white matter, 
axons are often lined up in parallel, which hinders 
diffusion particularly perpendicular to the fibres, 
with greater diffusion in parallel with the fibre 
orientation (known as ‘anisotropic’ diffusion).2 In 
grey matter, where the barriers are not highly 
ordered, this hindered diffusion is relatively more 
isotropic than in white matter. 
 
Diffusion MRI 
Water is an abundant source of hydrogen 
nuclei (protons), which are detectable by an MRI 
scanner. All hydrogen nuclei possess a quantum 
mechanical property known as spin, which 
determines their intrinsic magnetic moment; each 
proton can be considered loosely as a tiny bar 
magnet. If a container of water is put into a scanner, 
the magnetic moments of the protons on average 
align with the main magnetic field. If a 90 degree 
radio frequency (RF) pulse is turned on, the proton 
magnetic moments rotate into the plane 
perpendicular to the field (known as the transverse 
plane) and precess (rotate round their own axes) in 
synchrony (in-phase) with each other.  
This is the source of the MR signal. After a 
period of time, the protons dephase (precess at 
different rates so moving out of phase) which 
causes signal to be lost gradually. Indeed, the time 
it takes for protons to dephase is called the T2* 
relaxation time.  
In a standard spin echo MRI, a 180 degree 
pulse rephases (realigns) the protons and causes 
reappearance of signal as an ‘echo’ (see 
http://www.drcmr.dk/BlochSimulator/ for a good 
simulation of the process). Not all signal is 
recovered in the echo; with the amount of signal 
remaining dependent of the intrinsic T2 relaxation 
time. The application of diffusion gradients causes 
additional dephasing and signal loss. 
When a scanner is configured to detect 
diffusion, if a proton does not diffuse (i.e., stays in 
the same place), the signal is regained on 
application of the 180 degree pulse. If the proton 
diffuses, signal is lost.3-5 Hence, image intensities in 
a diffusion weighted image are hypointense in 
regions where there is diffusion and relatively 
hyperintense where there is little diffusion.  
 
The Diffusion MRI Measures 
Multiple diffusion weighted images are 
typically acquired in a scanning session. Each 
diffusion weighted image (DWI) contains 
information about water diffusing in one specific 
orientation. Thus, to estimate the dominant 
orientation along which water is diffusing in every 
voxel, the information from all the orientations, 
sampled by the various individual diffusion-
weighted images, is combined. By doing this, one 
can measure the amount of diffusion in each voxel 
and the orientation of that diffusion. This can be 
described mathematically by using a tensor. In this 
application, a tensor can be thought of as a sphere 
or ellipsoid that best describes the amount of 
diffusion and level of anisotropy in the voxel. For 
example, a voxel in which there is a large amount of 
isotropic diffusion can be modelled by a large 
sphere while a voxel where diffusion occurs 
preferentially along a white matter tract (anisotropic 
diffusion) can be modelled by an elipsoid that has 
its main axis parallel to the orientation of diffusion 
(Figure 1). 
Tensors describe both the level of isotropy 
and the magnitude of diffusion in any orientation in 
every voxel of the brain. These metrics are derived 
by ‘decomposing’ the tensor into three eigenvectors 
(orientation) and three eigenvalues (magnitude).6 
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Figure 1: Ellipsoids depicting an anisotropic (a) and isotropic (b) tensor. The arrows represent the 
eigenvectors. The length of each of those vectors is called its eigenvalue. Note that all vectors are at 90 degrees 
to each other. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Apparent Diffusion Coefficient 
The Apparent Diffusion Coefficient (ADC) is 
a measure of the amount of diffusion occurring in a 
given voxel of the brain. A measured diffusion 
coefficient differs from the true diffusion 
coefficient of a substance depending on the 
conditions in which it is measured and the type of 
medium within which diffusion occurs hence the 
term apparent diffusion coefficient is used. ADC is 
calculated from one or more diffusion weighted 
image in combination with an image with no 
diffusion weighting. Since the DWI still has T2 
weighting it is not a pure measure of diffusion. If a 
tissue has a long T2, then it will appear bright on a 
DWI despite there being relatively unrestricted 
diffusion (T2 shine through). The ADC map is a 
pure, mathematically calculated, measure of 
diffusion and hence not affected by T2 weighting. If 
a single diffusion weighted image is used in the 
generation of the ADC value then the ADC will be 
dependent on the orientation of the diffusion 
sensitisation within that image. The ADC values 
along the six main orientations (xx, yy, zz, xy, xz 
and yz) are the values that form the diffusion tensor 
matrix.  
 
Mean diffusivity 
The mean diffusivity (MD) is a measure of the 
average amount of diffusion that occurs in a voxel 
irrespective of whether the diffusion is isotropic or 
anisotropic. It is rotationally invariant since it is the 
average ADC in three orthogonal directions (xx, yy 
and zz) of the diffusion tensor. There are two ways 
to calculate an MD map. The first approach requires 
a minimum of three diffusion sensitised images in 
orthogonal orientations to be produced, hence a full 
tensor of six directions does not need to be 
estimated. However, if a full tensor is estimated 
then MD is the average of the three eigenvalues of 
the tensor. Both these approaches give identical 
results (apart from measurement error). MD maps 
are clinically often referred to as (rotationally 
invariant) ADC maps. MD is affected by the 
cellularity of a voxel, and the presence or absence 
of oedema or necrosis.7 
 
Longitudinal diffusivity 
Longitudinal or axial diffusivity (AD) is a 
more specific measure of diffusion. While MD is 
the average amount of diffusion in all directions, 
AD is the measure of diffusion occurring along the 
principal eigenvector of the diffusion tensor and is 
therefore another term for the principal eigenvalue. 
A decrease in AD is often associated with a 
disruption of white matter integrity. For example, in 
axonal injury, damage and debris could impede 
diffusion in the principal orientation.  
 
Radial diffusivity 
Radial diffusivity RD is a measure of the 
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amount of diffusion occurring perpendicular to the 
principle eigenvector. RD is often interpreted in an 
inverse fashion to AD; that is an increase in RD is 
associated with possible white matter integrity 
damage such as demyelination or axonal injury, as 
barriers to the radial diffusion of water, such as 
myelin and axon membranes are damaged or 
destroyed.8 RA and AD together make up MD. 
 
Fractional anisotropy 
Fractional anisotropy (FA) is a measure of the 
level of orientational anisotropy of water diffusion 
in each voxel. FA varies between zero (if all 
eigenvalues are equal - a totally isotropic voxel) and 
1 (if only one eigenvalue is non-zero). FA is 
frequently considered to be related to white matter 
integrity as axonal damage is expected to lead to 
increased diffusivity in directions radial to the axis 
of axons and fibre bundles. DTI studies often 
investigate the change in FA in differing 
neurological conditions with the assumption that a 
decrease in FA is caused by damaged white matter.9 
The use of FA and MD can give complementary 
information that enriches ones understanding of the 
underlying structure of the brain. However, these 
metrics do not directly measure microstructure and 
any interpretation as such must be made with 
caution 
 
Advanced measures 
The tensor is not the only mathematical way 
to describe diffusion in voxels. In fact, many more 
complicated and arguably more precise methods of 
modelling diffusion exist.10 As an introductory text, 
however, it is beyond the scope of this review to go 
into details. The measures described above are still 
the most commonly used, but it is important to be 
aware that diffusion MRI has the potential to give 
even more information than is discussed here. 
 
The Reconstruction of White Matter Tracts 
Tractography is a computational method that 
allows the virtual reconstruction of white matter 
tracts 11. This paper will focus on a brief discussion 
of the most straightforward type of tractography, 
deterministic streamline tractography using tensors. 
A short reference to more advanced tractography 
algorithms will be given at the end of this section. 
In tractography, each voxel can be modelled 
with a tensor and the principal orientation 
(eigenvector) is determined. An algorithm builds up 
a stepwise streamline from a seed (starting) voxel 
going through the most likely pathway through each 
voxel (see Figure 2).12 
 
Figure 2: in this deterministic approach, you can see that each voxel has one direction associated with it. A 
streamline (red) can thus be propagated from the seed voxel (1,10) and a ‘tract’ generated. 
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Tractography has the advantage over gross 
dissection and tracer studies that it is non-invasive 
and that it is easily repeatable on the same 
individual. The same process can be carried out by 
different individuals and using different algorithms 
to ensure that a consistent result is obtained. It is the 
only method that is available to investigate human 
white matter tracts in-vivo. It is with this in mind 
that one must assess its limitations.  
Data obtained from dMRI is determined by 
the diffusion of water. Algorithms infer white 
matter tracts from the way water diffuses around 
them, therefore some of the tracts obtained may be 
false tracts (false positive) while sometimes the 
algorithm may not reconstruct a tract that is really 
present (false negative). This can also occur 
because diffusion data contain noise, which results 
in errors in the tractography process. Errors can also 
occur in voxels that have more than one fibre 
population within them, since it can be difficult to 
determine configuration of the fibres that caused the 
observed diffusion (for example, the points at which 
two or more fibre bundles cross or diverge). Since 
deterministic tractography only uses the principal 
fibre direction for propagation, it is liable to rather 
large errors in these ambiguous or noisy voxels.13 
Also, since the algorithm does not allow for 
quantification of errors in the tract, confidence in 
the resultant tracts is unknown14. Such algorithms 
are poorly suited to deal with configurations such as 
crossing and kissing fibres because deterministic 
tractography computes the most likely streamline 
between two parts of the brain, without allowing for 
any form of branching or divergence.14 Other, more 
advanced, methods to perform tractography exist 
and have been developed to tackle some of the 
issues discussed. These include using advanced 
non-Gaussian approaches to model intra-voxel 
diffusion such as constrained spherical 
deconvolution15 and using probabilistic algorithms 
to perform the tractography.13-14 While an in-depth 
discussion of these techniques is beyond the scope 
of this short primer, the interested reader is referred 
to13-14 for more information. 
Tractography is still being validated by 
comparing outputs with invasive dissection of 
tracts. Although to date there has been a high 
degree of agreement between dissection and 
diffusion tractography studies it is still not 
recommended for routine clinical use. 16-18  
 
Clinical Applications  
 
Stroke 
Within a few minutes of an acute ischaemic 
event, cytotoxic oedema accumulates within the 
infarct which translates into a lower MD. There are 
two common approaches that are used to identify 
these regions of reduced diffusion that imply an 
area of infarction in an acute stroke: MD 
measurement and assessment of the DWI signal 
(which also contains T2 information).  
In stroke, hindered diffusion is relatively 
hyperintense in a diffusion weighted image. In the 
MD map, on the other hand, each voxel contains the 
value of the MD, hence an area with hindered 
diffusion has a low MD and looks dark. Diffusion 
MRI can be used to accurately diagnose hyperacute 
stroke. This is in contrast to CT or conventional 
MRI where a stroke lesion may take hours to 
appear. Diffusion MRI is often used alongside 
perfusion techniques to assess a diffusion-perfusion 
mismatch.19 
 
Tumours 
MRI is a standard tool in the diagnosis and 
follow-up for tumours. MD mapping is increasingly 
being investigated as a marker for tumour 
cellularity and thus tumour grade, where a decrease 
in MD corresponds to higher cellularity.20 It has 
also been investigated as a possible method for 
differentiating between brain mass effect and 
oedema from tumour and its infiltration, however 
results have been mixed.21-22 These findings are yet 
to be validated for routine clinical use. 
 
Multiple Sclerosis 
The most commonly used MRI sequence in 
multiple sclerosis (MS) is the fluid attenuated 
inversion recovery sequence (FLAIR). However, 
demyelinating disorders such as MS also have an 
impact on diffusion measures. The two most 
commonly used measures are FA and MD. FA 
generally decreases while MD typically increases in 
MS lesions, with subtle alterations in the normal 
appearing white and grey matter also being 
detectable.23 
RD and AD (more detailed measures of 
diffusion in white matter tracts than MD, see above) 
can help in differentiating between pure 
demyelination and axonal injury that includes 
inflammation.8,24 Demyelination alone increases RD 
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with no impact on AD while axonal damage and 
inflammation can decrease both measures. 
These measures are not reliable in areas of 
complex white matter architecture such as in 
regions with complex fibre structure (e.g., crossing 
fibres). 
 
Diffuse Axonal Injury  
In traumatic brain injury (TBI) patients, dMRI 
has been investigated for diagnosis of axonal injury. 
When axons are damaged, their configuration is no 
longer as highly structured as in the healthy brain 
due to damage to membranes, alterations to the 
myelin sheath, replacement of axons and/or 
infiltration by other cell types, and the accumulation 
of cellular debris. Each of these factors can cause a 
decrease in FA. It has been suggested that a 
decrease in FA may be a biomarker for a poor 
cognitive prognosis in TBI.24-25 
It is important to note that, while in many 
cases a decrease in FA is caused by damage to 
axons in certain areas such as when there are two 
populations of fibres going in different directions, 
damage to one fibre population can lead to a 
paradoxical overall increase in FA rather than a 
decrease. This is due to the initial presence of two 
separate fibre populations with different 
orientations leading to an average low FA as there 
is not one single dominant diffusion orientation. If 
one population is damaged or removed, the other 
population becomes dominant, with a subsequent 
higher average axonal orientation consistency and 
therefore higher FA. 
 
Intra-cranial Cysts 
Diffusion imaging can be used to differentiate 
epidermoid from arachnoid cysts. MD or DWI are 
the usual measures of choice. Since an arachnoid 
cyst is filled with cerebrospinal fluid (CSF), the 
MD will be very high (due to unrestricted diffusion) 
while DWI will be hypointense. The inverse pattern 
is seen in epidermoid cysts.26 
 
Surgical Planning 
Tractography is a promising technique for pre-
surgical planning. Surgeons can reconstruct tracts of 
interest prior to the surgery in order to know where 
(or where not) to target their intervention.27 While 
the images rendered by tractography algorithms 
look convincing, the limitations described above 
make it not recommended for routine clinical use 
outside a research setting.18 
 
Conclusion 
Many clinicians utilise diffusion imaging in 
their practice. This brief review summarised the 
basic principles of the modality and has introduced 
some of the ways in which this MR modality is 
currently being used. It is hoped that this primer 
will prove invaluable to anyone wanting to improve 
their interpretation of dMRI images and those who 
are interested in using these techniques for research 
or clinical application. 
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